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DEFINITION OF SYMBOLS 


i, j 

general subscripts (range 1, 2, 3) 

— 

bar above a letter indicates a vector quantity 

9 

dot above a letter indicates a time derivative 

c 

= cosine 

G l(P) > G 3 (p) 

compensation networks for the inner and outer 
gimbal velocity servos, respectively 

^cc(i) ’ ^cc(3) 

crossfeed compensation for the inner and outer 
gimbal velocity servos, respectively 

H 

magnitude of the momentum of the CMG's 


total momentum vector of the (i) , (2) , and (3) 
CMG's 

H T(com) 

time integral of the attitude control system moment 
command 

h te 

error signal between v and 

T(com) T 

h tex’ h tey’ h tez 

X, Y, Z components of the vector 

1 hj 

H TEiA(j) ,H TEiB(j) 

components of the H vector along coordinates 

1 ill 


*lA(j)’ 1 2A(j)’ 1 3A(j) and 1 iB(j)’ 1 2B(j) ) 
1 3B(j) > res P ectivel y 

Jl 

- J “ - N g “ + V J MR 

J 3 

= -1/2 sin 26, [(J A33 + J D ) - (J A22 + J D )] 

Jil 

= N g J MR + J A11 + J D 

J 33 

= N g J MR + J 033 + < J A33 + V COs!a > 


+ < J A22 + J R> Si " 2fi ‘ 
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DEFINITION OF SYMBOLS (Continued) 


J K 


= polar moment of inertia of the CMG wheel 
about the I ^ vector 

J D 


= polar moment of inertia of the wheel about an 
axis perpendicular to the 1 ^ vector 

J Ali’ J A22’ 

J A33 

= polar moment of inertia of the inner gimbal 

exclusive of the wheel about the i . . , 1., I. 

, , 1A 3 A 

vectors, respectively 

J C33 


= polar moment of inertia of the outer gimbal 
about the I vector 

J MR 


= polar moment of inertia of the torque motor 


rotor about its rotational axis 

k sl 


gain constant 

**R 


reaction moment of the CMG's on the base of the 
vehicle 

N 

g 


gear ratio of the gimbal drives 

P 


Laplace operator 

s 


A . 

= sine 

6 i(j) 


inner gimbal angle of the (j) CMG 

6 3(j) 


outer gimbal angle of the (j) CMG 

* ® 

6 , 6 
i(j)’ 3 (j) 


time rate of change of angles 6, , 6„ 

1(1) 3 (j) 

• 

S' 

i (com) (j)’ 

« 

^3 (com) (j) 

input commands to the inner and outer gimbal 
velocity servos of the (j) CMG 

W VA(j) 


actual inner gimbal rate of the (j) CMG with 
respect to vehicle space 
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DEFINITION OF SYMBOLS (Concluded) 


W 1C1C’ ^1020 
^lBSB 

Vfj) 


components of vector c o along the coordinates 

I i 1C/ 

1C’ 2C 

I component of the co vector 
OJD 1x3 


coordinate system of the n A M space or the 

inner gimbal space of the jth CMG. In "A" space, 

the inner gimbal rotates about the I, . axis. 

iA(j) 

The spin axis corresponds to I . , and 1 . 

forms the third coordinate of a right-hand orthogonal 
system. 
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TECHNICAL MEMORANDUM X-53830 


AN IMPROVED CONTROL SYSTEM FOR THE 
APOLLO TELESCOPE MOUNT 

SUMMARY 


A different method of operating the present control system for the Apollo 
Telescope Mount's control moment gyro is presented. This method results in a 
broader bandwidth for the control system and consists of modifying the double- 
gimbal control moment gyros to operate in a single-gimbal mode during all 
solar experimental periods. If the inner gimbals are used for dynamic control, 
then the outer gimbals would be inhibited or rigidly clamped to the frame 
during the experiments. Between experiments, the inhibited outer gimbals 
would be oriented to maximize the momentum storage capability of the system. 
The expected increase in bandwidth is from two to three times the present 
system bandwidth. Inner to outer gimbal cross coupling nonlinearities would 
also be eliminated during experimental periods. The H-vector control law 
would still be applicable for this new configuration. 


INTRODUCTION 


The present attitude control system for the Apollo Telescope Mount 
(ATM) utilizes three double-gimbal control moment gyros (CMG's) [i] for 
momentum exchange. The three double-gimbal CMG, or six-pac[2] , con- 
figuration provides 100 percent utilization of the total momentum available 
for all three axes with comparatively low power consumption. It also provides 
100 percent redundancy of the total control, so adequate attitude control to 
conduct solar experiments can be maintained with one CMG completely 
inoperative. 

The improved attitude control (IAC) system for the ATM, outlined in 
this report, will not compromise any of the advantages of the present control 
system. Moreover, the IAC system will improve the present control system 
in at least three ways. 



1 . A wider dynamic range of at least double the present bandwidth is 
provided. 

2. Some nonlinearities resulting from gimbal cross coupling are 
eliminated. 


3. A potential stability problem arising from gimbal cross coupling 
is deterred. 

The basic idea of the IAC system is to use only one set of gimbals of 
the double-gimbal CMG's for the dynamic attitude control of the ATM. If the 
inner gimbals are used for dynamic control, the outer gimbals would be 
clamped rigidly to the frame during all solar experimental periods. Between 
experiments the outer gimbals would be positioned to obtain optimum utilization 
of the stored momentum of the CMG six-pac configuration. This report 
presents only an outline of the IAC system to disseminate the idea. Of course, 
many details remain to be worked out before such a system could be imple- 
mented. 

Test data that show the increase in bandwidth to be expected using the 
IAC system are given. Elimination of the gimbal cross coupling is illustrated 
and a control law for use with this system is described. 


DYNAMIC TEST DATA 


The CMG dynamic test data presented here were taken by the Bendix 
Corporation, Teterboro, New Jersey [ 3] . The test data included transient 
responses and steady-state variable frequency responses. The standard test 
conditions were given as follows: 

1. Linear and desaturation resolver excitations were removed. 

2. Accelerometers were disconnected. 

3. All unused inputs were shorted. 

4. Electronic crossfeed compensation was in use, unless otherwise 

noted. 

5. The test stand had a single point ground. 
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Because of the nonlinearities in the CMG, the steady-state dynamic 
test data do not yield a true frequency response. The data plotted in 
Reference 3 are the ratio of the peak output signal to the peak input signal. 

The amplitude frequency "portraits" for two tests are shown in Figure 1. For 
both tests the momentum wheel was at rated speed, and the inner gimbal rate 
loop was driven with a 20 . 0 volt peak-to-peak sinusoidal signal into the 
distributive law input (attenuation = 0. 230) to produce a gimbal rate input of 
4. 6 deg/sec peak-to-peak. Curve A is for test 3A3, conducted with the inner 
gimbal at +45 deg and the outer gimbal at 0 deg. Curve B is for test 3A4, 
conducted with the inner gimbal at +45 deg and the outer gimbal clamped to 
the frame at 0 deg. 

It is quite apparent from the response data of these two tests that 
clamping or holding the outer gimbal increases the dynamic range of the CMG. 
A table in Reference 3 gives the dynamic range or bandwidth of the CMG as 
2 . 5 Hz for test 3A3 (Curve A) and 5. 9 Hz for test 3A4 (Curve B) , using 
tachometer measurements, and 2. 8 Hz for test 3A3 and 9. 2 Hz for test 3A4, 
using data from the torque measuring fixture (TMF) . By clamping the outer 
gimbal to the frame, the bandwidth is increased between two to three times 
over its value when the outer gimbal is not clamped. 

The only difference between test 3A3 and test 3A4 is the clamping of 
the gimbal to the frame; therefore., it can be assumed that the variation in 
bandwidth is due primarily to gimbal cross coupling. It is possible that the 
variation in bandwidth noted in this report is accentuated by the presence of 
backlash in the gimbal drives. The use of antibacklash gear trains for the 
gimbal drives might diminish the bandwidth variation, but it will not eliminate 
the gimbal cross coupling. 


GIMBAL CROSS COUPLING 


The dynamics of the inner and outer gimbals can be expressed in a 
simplified manner as 

^pJii + N Gj^ - fa cos — G ^63 = N Gj S — pj. co 

V 11 g V 1 V 1 cc(i)/ 3 g 1 i (com) p 1 ICiC 

- H sin 6 , W i 02c + H cos 6 , a, (1] 
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and 


( H cos A ~ G cc ( 3)) 61 + ( PJ33 + N g G 3) 63 ‘ N g G36 3(com) " H COS 61 W 1C1C 


" pJa W 1C2C _PJ2W 1B3B ‘ 


( 2 ) 


These equations do not account for the compliance of the gimbals, the gimbal 
drives, nor nonlinearities caused by backlash in the gimbal drives, bearing 
friction, etc. 

The signal flow graph for equations (i) and (2) was derived in a report 
by Morine and O'Connor [2] ; a modified version is shown in Figure 2. The 
solid branches in Figure 2 represent kinematic terms, and the dashed branches 
represent the electrical portion of the gimbal velocity servos. The individual 
terms are defined in the list of symbols. 


If only a single input signal into the CMG of Figure 2 is considered, 

and that signal is 6, , . , then the transfer function between the input and 

1 (com) 

the inner gimbal response is 


1 (com) 


N g Gi ( P J 33 + N g G s ) 
A 


( 3 ) 


where 


A = [(pJn + N g G^ (pJ 33 + N g G 3 ) + (H cos 6 a 

- G cc,i)) ( H 008 6 * - g cc,3))] • 

The characteristic equation of the CMG is A, and it is obtained from 
equations (1) and (2). Dividing the numerator and denominator of equation (3) 
by J 33 gives 


4 



GAIN-DB 


+ 4.0 


0 


- 4.0 


- 8.0 


- 12.0 


- 16.0 


0.1 



cn 


FIGURE i. AMPLITUDE FREQUENCY CHARACTERISTICS OF A DOUBLE-GIMBAL CMG 







FIGURE 2. A SIGNAL FLOW GRAPH OF A CMG 


( 5 ) 


( N g G 3 \ 

— £1 I LA hi -1 

: / N & \ r (H cos - G , . \ (H cos 6, - G /ot Vl 

. N g G,,(p * -L-) * [i ^2L>J 

By clamping the outer gimbal to the frame, the outer gimbal inertia, 
contained in the term J 33 , becomes extremely large; therefore, we can write 


N o- G 3 

g 

J 33 


( 6 ) 


and 

(Hops ai-O ccm )(Hoosi 1 -O co(31 -) 

J 33 

Applying these two relations to equation (5) and simplifying yields 


^1 (com) 1 + P 


( 7 ) 


( 8 ) 


The transfer function of equation (8) can be obtained from the signal flow 
graph of Figure 2 if the gimbal cross coupling branches are eliminated; this 
is the desired objective of the IAC system 

The clamping of the outer gimbal to the frame probably can be 
accomplished best by mechanical means; for instance, by an electromagnetic 
brake. Locking the outer gimbal torquer on the present ATM/CMG configura- 
tion will not be adequate because of the- compliance of the associated gear 
train. The outer gimbal itself must be clamped to ensure that it will have 
zero velocity with respect to its mounting base. 


IAC SYSTEM CONTROL LAW 


The primary objective of the IAC system is to increase the bandwidth 
of the ATM/CMG control system. It was assumed that a minimum amount of 
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modifications to existing hardware would be desirable while achieving the 
stated objective. A cursory examination shows that the H-vector control law 
of the present ATM/CMG configuration can be used for the IAC system. 
Furthermore, using the present H-vector control law simplifies the redundancy 
operation requirements. In future applications involving double-gimbal CMG's, 
it would be desirable to investigate other control laws to determine the one 
most suitable for use with the IAC system. 

Since there is only one gimbal velocity servo per CMG to provide the 
necessary momentum control, the steering law for the IAC system is simpler 
than for the present control system. This can be shown as follows: the cross- 
product steering law for the jth CMG of the present ATM/CMG control system 
[2] is given as 


C °VA( j) K SL [ ^2A(j) X H Te] ’ CMG 

where is the total error momentum. It can be expressed in the inner 

gimbal coordinate space as 

_ 3 

H TE = .£ L^iA(j) H TEiA(j)] » 3 = 1, 2, 3 . (10) 

Substituting equation (10) into equation (9) and performing the indicated 
vector multiplication gives the angular velocity of the inner gimbal, or 

W VA(j) = K SL [ I lA(j) H TE3A(j) ' ^(j) H TElA(j)] * (li) 

For the IAC system, the angular velocity of the inner gimbal can be 
given in terms of the inner gimbal angle rate, or 


W VA.(j) 1 lA(j) 6 l(j) 


for the jth CMG. 


If the inner gimbal angle rate signal is chosen as 


( 12 ) 
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(13) 


6 i(j) K SL H TE3A(j) 

and, if this value of 6^ is substituted into equation (12) , the angular 
velocity of the inner gimbal is then expressed as 


W VA(j) K SL 1 lA(j) H TE3A(j) 


(14) 


Thus, the steering law for the IAC system given by equation (14) is seen to 
have the same terms as the first term of the cross-product steering law 
given in equation (11) . The gain term Kg^ of equation (14) will, of course, 

be a different value than the gain term K c of equation (11) . 

OLj 

To find the resulting moment on the ATM cluster caused by the steering 
law of equation (14) , we first express the reaction moment equation as 



dH T 3 

— — = - /. X H... 

dt v j=i VA(J) (J) 


(15) 


where 


H 


(j) 


H1 2A(j) 


(16) 


If equations (14) and (16) are substituted into equation (15) and the indicated 
vector multiplication is performed, the reaction moment is given as 


dH T 3 

=K SL H .2 1 3A(j) H TE3A(j) 


For the six-pac configuration, therefore, the IAC system will provide three 
axis control moments except for the so-called parallel or antiparallel con- 
dition, discussed later in this section. 
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To show the relationship between the error momentum in vehicle 
coordinate space to that in inner gimbal space requires the use of several 
transformations. For the six-pac configuration, the transformation of the 
error momentum from vehicle coordinates into CMG base coordinates is 
given by equations (18) through (20). 


H 


~o i <T 


H 

TE1B(1) 




TEX 

H 


10 0 


H 

TE2B(1) 




TEY 

H 


0 0-1 


H 

TE3B(i) 




TEZ 


(1) CMG 


(18) 


H TE1B(2) 


0 

0 

1 


h tex 

H TE2B(2) 

= 

0 

1 

0 


h tey 

J*TE3B(2J_ 


-1 

0 

0 


_^TEZ_ 


, (2) CMG 


(19) 


H TE1B(3) 


1 

0 

0 


h tex 

H TE2B(3) 

= 

0 

0 

1 


h tey 

J*TE3B(3_)_ 


0 

-1 

0 


_^TEZ_ 


, (3) CMG 


( 20 ) 


The transformation matrix from the CMG base coordinates into inner 
gimbal coordinates of any of the three CMG's is given as 
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H TElA(j) 

< 


c 6 

3(j) 

s6 

3 (j) 

0 


H TElB(j) 

H TE2A(j) 

= 

-s6^ c6 

3(j) l(j) 

c6 c6 

3(j) l(j) 

s6 

i(J) 


H TE2B(j) 

^TE3A(j) 


s6, . s6 

_ 3(J) 

-c6 s6 

3 ( j) i(j> 

c6 

Mj)J 


TE3B(j) 


The error momentum component used to produce a reaction moment 
can now be expressed in terms of inner gimbal space as 


(21) 


H TE3A(i) S6 3(l) S<5 i(i) H TEY C6 3(l) S<5 1 (1) H TEX C6 i(l) H TEZ 

( 22 ) 

H TE3A(2) =S6 3(2) S6 i (2) H TEZ" c 6 3(2) S6 i(2) H TEY -c6 i (2) H TEX 

(23) 

H TE3A(3) =S6 3(3) S<5 i(3) H TEX" C<5 3(3) S6 i (3) H TEZ ~ ° 5 1 (3) H TEY 

(24) 


Thus, the reaction moment from each CMG is dependent on the gimbal angles 
of both the inner and outer gimbals and the error momentum components 
expressed in the vehicle coordinate axes. For the initial conditions, where 

0 deg, the error momentums along the I, 


a 3( .)= + 4 5deg and « 1(J) 
axes are 


3A(j) 


H TE3A(i) = - H TEZ ■ ^ CMG 


(25) 


H 


TE3A (2) 


= - H, 


TEX 


(2) CMG 


(26) 


H, 


TE3A (3) 


= - H 


TEY 


(3) CMG 


(27) 


For other gimbal orientations the error momentum will be composed of X, Y, 
and Z components as shown in equations (22) through (24) . 


ii 



The implementation of the IAC system for the gimbal velocity servos 
of a single CMG is shown in Figure 3. The associated resolver chains used 
to obtain the error momentum in terms of the inner gimbal coordinates would 
be the same as in the present configuration [2]. The digital computer will 


determine the outer gimbal angles 
of the stored momentum. 


3<j) 


necessary to optimize the utilization 


It has been shown by Kennel [4] that the most desirable orientation of 
the CMG momentum vectors is obtained with the isogonal distribution law; 
that is, the individual angular momentum vectors for each CMG contribute an 
equal component to the total momentum vector. This condition results when 
the angles between the individual momenta are equal and the angles between the 
individual momenta and the total momentum vector are also equal. This 
orientation avoids the parallel and antiparallel conditions, maximizes the 
attitude gain available, and minimizes the cross coupling. The IAC system 
appears to be completely compatible with the isogonal distribution law. At 
the end of a solar experiment, the desired outer gimbal angles would be 
determined based on the then existing inner and outer gimbal angles. The 
outer gimbals would then be commanded to their new orientation while the 
inner gimbals assumed their new positions by maintaining the desired attitude 
of the space station. The reorientation of the outer gimbal angles will appear 
like a programed disturbance, the character of which can be determined to 
provide a minimum of spacecraft attitude error. 


CONCLUSIONS 


The bandwidth of the CMG used for the Apollo Telescope Mount can be 
increased by a factor of at least two by clamping the outer gimbal rigidly to 
its frame. This modification to the present ATM/CMG control system, as 
presented in this report, does not compromise any of its existing advantages. 
Clamping of the outer gimbal also eliminates the inner-outer gimbal cross 
coupling, and, with antibacklash gimbal drives, a more realistic linear 
stability analyses of the control system would be possible. 
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CO 


FIGURE 3. GIMBAL VELOCITY SERVO BLOCK DIAGRAM FOR THE IAC SYSTEM 
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